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Abstract. The results of the nephelometer experiment conducted aboard the Probe of the 
Galileo mission to Jupiter are presented. The tenuous clouds and sparse particulate matter 
in the relatively particle-free 5-pm "hot spot" region of the Probe's descent were 
documented from about 0.46 bars to about 12 bars. Three regions of apparent coherent 
structure were noted, in addition to many indications of extremely small particle 
concentrations along the descent path . From the first valid measurement at about 0.46 bars 
down to about 0.55 bars a feeble decaying lower portion of a cloud, corresponding with the 
predicted ammonia particle cloud, was encountered. A denser, but still very modest, 
particle structure was present in the pressure regime extending from about 0.76 to a 
distinctive base at 1.34 bars, and is compatible with the expected ammonium hydrosulfide 
cloud. No massive water cloud was encountered, although below the second structure, a 
small, vertically thin layer at about 1.65 bars may be detached from the cloud above, but 
may also be water condensation, compatible with reported measurements of water 
abundance from other Galileo Mission experiments. A third small signal region, extending 
from about 1.9 to 4.5 bars, exhibited quite weak but still distinctive structure, and, although 
the identification of the light scatterers in this region is uncertain, may also be a water cloud 
perhaps associated with lateral atmospheric motion and/or reduced to a small mass density 
by atmospheric subsidence or other explanations. Rough descriptions of the particle size 
distributions and cloud properties in these regions have been derived, although they may be 
imprecise because of the small signals and experimental difficulties. These descriptions 
document the small number densities of particles, the moderate particle sizes, generally in 
the slightly submicron to few micron range, and the resulting small optical depths, mass 
densities due to particles, column particle number loading and column mass loading in the 
atmosphere encountered by the Galileo Probe during its descent. 



1.0 Introduction 

One of the principal objectives of the Galileo Mission to Jupiter was to determine the 
locations, horizontal and vertical extent, micro physical properties, and composition of the 
clouds of Jupiter. A nephelometer instrument (NEP) measuring light scattering from the 
ambient atmosphere at five scattering angles was included as part of the experiments 
package on the Galileo Mission Probe that entered the Jovian atmosphere on December 7, 
1995. The purpose of this experiment was to establish the vertical location and to attempt to 
document the microphysical properties of the clouds along the Probe descent trajectory. It 
was hoped that the data would yield values of parameters required for radiation modeling 
studies, such as, for example, cloud particle size distributions, opacities, scattering and 
extinction cross sections, local total mass densities, etc., and that finding the location of the 
cloud physical boundaries would supplement other experimental data in helping to identify 
the chemical composition of the particles of the clouds and atmospheric species abundances. 
In addition, it was anticipated that the data obtained would furnish "ground truth" for the 
remote sensing observations to be conducted by the Galileo Mission Orbiter experiments. 

The Galileo Probe entered the atmosphere of Jupiter at a latitude of about +5.9°, inside 
and near the southern edge of a so-called 5-pm "hot spot" [Orton et al., 1996], a region 
characterized by enhanced emission of 5 pm radiation emerging from deep in the 
atmosphere, which implies a region of reduced radiation-absorbing atmospheric component 
species and particle interaction. The first valid measurements obtained by the nephelometer 
occurred about 17.1 seconds after the instrument was turned on following Probe 
atmospheric entry. This time, about 3.5 seconds following parachute deployment and heat 
shield separation, and about 1 .7 seconds following the deployment of the nephelometer 
mirror arm, corresponded to an ambient atmospheric pressure of 0.46 bars. 

General descriptions of the Jovian clouds, based on assumptions of species abundances 
in the Jovian atmosphere and equilibrium thermochemistry, have been attempted, for 



example, by Weidenschilling and Lewis [1973], Atreya and Romani [1985] and Atreya 
[1986]. Data on the cloud properties of Jupiter have also been obtained from many earth- 
based measurements (see the review by West et al., 1986), earth-orbiting telescopes 
( Chanover et al., 1997), and from interplanetary flyby missions (e.g. Smith and Tomasko, 
1984). Summaries of our state of knowledge and uncertainties about the clouds have been 
published by a number of investigators such as West et al. [1986] and Carlson et al. [1988] 
and interpretations of the results of cloud measurements by Bjoraker [1985], Carlson et al. 
[1993], Del Genio et al. [1990], Marten et al. [1981], Magalhaes et al. [1990] and 
Gierasch et al. [1986]. 

Shortly after the Probe entry, supporting earth-based imaging reported that the Probe 
had entered a 5-pm "hot spot" [Orton et al., 1996]. These regions are characterized by the 
emergence of thermal radiation from deep, warm levels of the atmosphere as a result of the 
absence of the cloud cover existing elsewhere on the planet. There are few descriptions of 
cloud structure specific to 5-pm hot spots in the literature prior to the Galileo mission. 
Much of what is available was covered in the extensive review of Jupiter's cloud properties 
by West et al. [1986]. Characterizations of 5 -pm hot spots based on analysis of Jupiter's 
thermal spectrum shows a minimum of cloud opacity near or above the 600-mbar level 
where NH 3 gas should condense, based on Jupiter's spectrum in the atmospheric windows 
near 8.6 and 45 pm, where there is little sensitivity to particles deeper than the 1 -bar level. 
Marten et al. [1981], and Bezard et al. [1983] argued that the low opacity of these spectral 
regions in Voyager IRIS spectra, combined with the need for some opacity in the 5-pm 
region, required some cloud opacity near the 2-bar level but not at the NH 3 cloud level. 
Carlson et al. [1993] performed a detailed analysis of Voyager IRIS spectra in hot spots 
(their "Category 8 " spectra), also choosing very little optical thickness attributed to the NH 3 
cloud (t = 0.27 ±0.03). However, the Carlson, Lacis and Rossow [1993] model for a ~2 
bar cloud attributed to NH 4 SH, yielded optical depths which were also low (x = 0.02, 
+0.08, -0.02) and contained a deeper-level H 2 O cloud whose bottom was placed at 4.9 bars 



and that assumed most of the cloud opacity of the region (t = 4.0 ± 1.0). In addition, the 
thermal infrared spectra also argue against small particles dominating Jupiter's NH 3 cloud 
opacity, because no resonant absorption features of NH 3 ice are apparent in the Voyager 
IRIS spectra although other explanations for this effect have been proposed [Clapp and 
Miller, 1993]. A significant particle population with radii near 100 pm is preferred by 
Marten et al. [1981], and Orton et al. [1982], and near 3 - 100 pm by Carlson , Lads and 
Rossow [1993]. A comparison of 5- and 45-pm radiances by Gierasch, Conrath and 
Magalhaes [1986] is consistent with modulation by NH 3 cloud particles in the 3-pm to 10- 

pm range. 

However, from pre-Galileo observations, in the wavelength range below 1 pm, a 
different characterization emerges. Smith and Tomasko [1984] showed that regions free of 
clouds down to the 2 -bar level would produce observable polarization signatures in the 
Pioneer Imaging Photopolari meter (IPP) data, but no such signatures are seen at hot spot 
latitudes. West, Kupferman and Hart [1985] compared opacities at 0.619 and 5 pm, 
including considerations of the weak CH 4 absorption. Both wavelengths are sensitive to 
radiation emerging from below the 5-bar level in the absence of particulate scattering or 
absorption. However, while 5-pm intensity increases dramatically over the two hot spots 
they examined, there are no observable enhancements in the equivalent width of the 0.619- 
pm CH 4 band. They suggest that the optical depth of particles at or above the 2-bar level is 
about 8 at 0.619 pm and a factor of 5 smaller at 5 pm, consistent with particles having an 
effective radius of about 1 pm. The Pioneer IPP polarization data suggest that at least 25% 
of the total cloud opacity is found between the ~600-mbar base of the NH 3 cloud and the 
300-mbar level. West, Kupferman and Hart [1985] showed that a cloud of 1-pm particles 
in the NH 3 condensation region can account for the limb darkening seen at 5 pm in Voyager 
IRIS spectra, although the details of scattering by nonspherical NH 3 ice crystals would 
actually exert a strong influence on the limb darkening. 



West, Strobel and Tomasko [1986] attempted to bring the eclectic set of observations 
and cloud models in the extant literature up to that time together into a single coherent 
picture which would address spatial inhomogeneities, among which were 5 -pm hot spots. 
In their summary, a fairly ubiquitous haze layer lies at the top of the troposphere. The 
particles in this layer have an effective radius of 1 pm or less and a total optical thickness 
between 3 and 5. The top of this layer is at the 200-mbar pressure level, and the bottom is 
presumed to coincide with the ~600-mbar base of a condensate cloud of NH 3 ice. Because 
NH 3 ice is colorless, the ice particles must be mixed with an unknown constituent which 
provides the visible color of the clouds. Together with this stable layer of particles, lies a 
layer of 3 to 100-pm particles near the base of the NH 3 ice cloud. These particles are 
required to account for Jupiter's opacity at 45 pm and, we would add, at 8.57 pm, two 
windows longward of 5 pm in Jupiter's spectrum. These particles are at least partially 
responsible for modulating Jupiter's 5-pm radiance ( Orton and Terrile, 1978; Gierasch, 
Conrath and Magalhaes, 1986), and, from data available prior to this mission, they are 
probably absent in the 5-pm hot spots. 

West, Strobel and Tomasko [1986], felt that the bulk of evidence favored the existence 
of an inhomogeneous cloud at the 2-bar level. It would best account for the 5-pm 
spectrum, modulation of 5-pm radiances, and variations in the equivalent widths of CH 4 , 
H 2 O and NH 3 lines observed in reflected sunlight. From analysis of reflected sunlight, this 
cloud layer was often modeled merely as a semi-infinite cloud top with only the single- 
scattering albedo constrained by observations. Even with longer-wavelength observations, 
constraints on the vertical location of such a cloud were weak and constraints on the particle 
size nonexistent. Its composition was assumed to be solid NH 4 SH particles, mixed with 
some chromophore constituent. This was based on thermochemical models (see, for 
example, Weidenschilling and Lewis, 1973; Atreya and Romani, 1985; Lewis and Prinn, 
1984) as well as the need for particles darker than NH 4 SH or H 2 O. On the other hand, this 
cloud might be a condensate of H 2 O if the oxygen abundance were 100 times less than 



expected for a solar composition ( Bjoraker , 1985). However, for a solar-like oxygen 
abundance, H 2 O would condense around 6 bars. Few models place observable constraints 
on such a cloud other than Carlson, Lacis and Rossow [1993], although their model differs 
substantially from others by placing most of the 5-pm atmospheric opacity near the H 2 O 
cloud, as noted earlier. While including the possibility of such an H 2 O cloud, and 
mentioning that there may be some evidence to doubt its existence, West, Strobel and 
Tomasko [1986] note that such a cloud, as well as all other clouds, may be patchy, and may 
not be appreciably present in the hot spot region. Thus, West, Strobel and Tomasko 
[1986], interpreted the observable spatial modulations of radiance in 5-pm hot spots as 
variations of the properties of a 2 -bar level cloud, accompanied by variations of the large- 
particle component of the NH 3 condensate layer cloud. Bezard, Baluteau and Marten 
[1983], in fact, interpreted the correlation of Voyager IRIS 5-pm and 45-pm radiation as a 
correlation of cloudiness at levels near 2 bars and in the NH 3 ice cloud. This is quite 
reasonable if vertical motions are correlated over the 600-mbar and the 2 -bar levels. 

More recently, another set of observations have been made of 5-pm hot spots from 
earth-based facilities in support of the Galileo Probe mission. The best spatial resolution 
from earth-based measurements has been from the Hubble Space Telescope Wide-Field / 
Planetary Camera-2 (WF/PC2) instrument. Chanover, Kuehn and Beebe [submitted to 
Icarus ], and Chanover [1997] characterized properties of a 2-cloud model, constrained by 
WF/PC2 images of the center-to-limb behavior of dark areas near 6.5° N latitude which 
have been identified as regions of high 5-pm radiance ( Orton et ai, 1996). The 
constraining data consisted of images taken on 1995 Feb 13 and 17, and on 1995 Oct 4, 
using a "continuum" filter with an effective wavelength of X = 0.9546 pm (AX = 0.0053 
pm) and a CH 4 absorption filter with X = 0.8929 pm (AA. = 0.0064 pm). They derived a 
stratospheric haze layer with visible optical thickness of 0.34, under which lay an NH 3 
cloud deck whose top reaches ~200mbar and whose optical thickness at 0.8929 pm reaches 
values of 6 to 7.5. The single-scattering albedo of the NH 3 cloud particles is about 0.95 in 



the visibly dark features with high 5-pm radiance. The optical thickness is consistent with 
the range quoted by the West, Strobel and Tomasko [1986] summary, and no further 
properties of the cloud or a deeper cloud were derived with this limited wavelength set. 

Orton et al. [this issue], and Stewart and Orton [1997], analyzed a set of near-infrared 
data from Jupiter's solar reflection spectrum and derived an NH3-level cloud near the 600- 
to ~350-mbar level. The optical thickness of this cloud is near 1.0 and only varies by about 
20% between the "clear" hot spot and the adjacent "cloudy" Equatorial Zone (EZ) to the 
south. This variation is anticorrelated with the physical thickness of the cloud: the top of the 
cloud is near the 370-mbar level over hot spots and the 330-mbar level over the EZ. There 
was found to be no substantial sensitivity to clouds deeper in the atmosphere. 

Collard et al. [1997] used high spectral resolution observations of CH4 lines in 5-pm 
hot spots in 1996 August and December to determine the depth at which the 5-pm spectral 
lines of gaseous H2O were being formed. Most of the "continuum" opacity is formed by 
the wings of gaseous H2O lines, but a total opacity of 3 - 4 is required for the combination 
of NH3 and NH4SH clouds to attenuate the signal to the appropriate levels. 

The analyses of much of the Galileo remote sensing data on 5-pm hot spots (for 
example, the high spatial resolution CCD images of a hot spot taken during the Europa-4 
orbit in late December of 1996 by the Solid State Imager, SSI, experiment) are not mature 
as of this writing. (The term Europa-4 refers to a particular orbit of the Galileo Orbiter 
around Jupiter. This instance, for example, refers to orbit 4, in which the Orbiter was given 
a gravitational assist by passing close to the moon Europa.) The closest SSI study is the 
work of Banfield et al. [1997] on Ganymede-1 images around the Great Red Spot which 
included a region of high 5-pm brightness. Their model, relying on variations observed 
between 0.756 pm, a spectral continuum and 0.727 pm, a moderate CH4 absorption band, 
is consistent with a 30-mbar to 40-mbar haze with t = 0.05 at 0.756 pm, below which is a 
450-mbar to 200-mbar cloud with a 0.756-pm t =2.9. These do not appear to change 
much laterally. Discrimination between various optically equivalent cloud models deeper in 



the atmosphere is impossible, but the observations are consistent with a 2 . 5 -bar cloud with 
x =0.5 and single-scattering albedo of 1.0 whose variations most likely control the visible 
appearance of features in the atmosphere. Still deeper, some additional reflectivity is 
required and was modelled as a semi-infinite cloud with single-scattering albedo of 0.96; it 
is consistent with Rayleigh scattering. 

Two other studies of similar regions have been completed recently using data obtained 
by the Galileo Orbiter Near-Infrared Mapping Spectrometer (NIMS). These used different 
model approaches and hot spot targets. The extensive analysis of a "warm spot" on the 
Ganymede- 1 orbit encounter [Weir et ai, 1996; Irwin et ai, this issue] used a 3-cloud layer 
scheme. The deepest cloud layer was set to be physically thin and optimally placed near the 
1.3-bar level, starting from an a priori solution given by the ~ 1.5-bar cloud peak of our 
preliminary nephelometer (NEP) results [Ragent et al., 1996]. The need to match NIMS 
observations of the atmospheric reflectivity for wavelengths between 1.0 and 3.5 pm and 
thermal emission in the 5 -pm region requires a small-particle uniform cloud at levels higher 
than the 1 -bar level with larger particles in the lower part of the same cloud or deeper in a 5- 
bar H20 cloud. Choosing the former, they derive a uniform cloud layer of 0.45pm radius 
NH 4 SH particles with an optical thickness of 0.8 at 1.5 pm together with NH 4 SH particles 
of 1.0-pm radius or larger with an optical thickness of 1.0 at 1.5 pm. The 5-pm optical 
thicknesses of these two layers are 0.05 and 1.00, respectively. Higher in the atmosphere, 
the NH 3 cloud layer composed of 0.75-pm particles is optimally placed at 0.69 bars, with 
an optical thickness of 1.3 at 1.5 pm and 0.08 at 5 pm. Finally an upper-level haze of 0.5- 
pm "tholins" is required near 0.30 bars, with a 1.5-pm wavelength optical thickness of 0.8 
and a 5-pm optical thickness of 0.03. Thus, the 5-pm opacity is contributed essentially 
only by the 1.0-pm NH 4 SH particles. Noting that a large-particle component is necessary 
to match the far-infrared thermal spectrum, they point out that 100 -pm particles would have 
negligible effect on the 5-pm spectrum. Thus, a large-particle component cannot contribute 
significantly to the 5 -pm variability in their model. 



Roos-Serote et al. [1997, this issue], studied NIMS spectra from four 5-pm hot spots 
in the Ganymede-1, Europa-4, and Ganymede-7 orbital encounters, focusing on the 4.5- to 
5.2-pm spectrum alone. For clouds, they derived only the total opacity above the 2-bar 
level, but mapped it, as well as NH 3 and H 2 O humidity, in the targeted regions. Their 
models assumed only cloud opacity in the main cloud derived from our earlier results 
[Ragent et al., 1996] and scaled its optical thickness in order to fit the observed spectral 
radiance properly. To simplify their analysis, they only examined areas of the atmosphere 
where the cloud opacity was likely to be low. Their retrieved cloud opacity reached a 
minimum of 0.5 for the clearest region of the very bright Ganymede- 1 "hotmap" area (the 
brightest 5 -pm hot spot observed), and it was correlated with low H 2 O humidity but mildly 
anticorrelated with small changes of NH 3 humidity across the hot spot. The minimum 
opacity of this cloud layer in other hot spots does not vary very much from its value in the 
Ganymede-1 "hotmap" region, but it is larger, 0.87, for the "warm spot" region studied by 
Weir et al. [1997] and Irwin et al. [this issue]. 

Initial reports on the results of the Galileo Mission Probe experiments [see Science, 
272, 837-860, 1996], as well as descriptions of the Probe instruments [see Space Science 
Reviews, 60, 3-610, 1992], have been published. This article describes the measurements 
and updates reports on the results of the Probe nephelometer experiment and initial attempts 
to interpret the data in terms of atmospheric and cloud properties. 


2.0 Instrument Characteristics 

A discussion of the measurement principles, the mechanical, optical and electronics 
design of the nephelometer instrument, tests, calibration and performance characteristics has 
been published elsewhere [Ragent et al., 1992]. This section contains a short description of 
the instrument design and of laboratory tests and calibrations as well as in-flight tests. 



The nephelometer instrument, tilted ~3 degrees downward, toward the nose of the 
Probe, was mounted on the instrument shelf of the Probe, projecting out through a closeout 
seal. An arm that held at its end the forward scatter mirror assembly (folded until deployed 
after atmospheric entry and aeroshell removal) extended the mirror assembly out about 23 
centimeters from the Probe skin. The nephelometer recorded the light scattered from an 
incident light beam at five angles (5.8', 16°, 40’, 70’, and 178’) from the forward direction 
by particles in the atmosphere that flowed through sampling volumes in the near vicinity of 
the descending Probe. (Contribution from light scattered by atmospheric gases, Rayleigh 
scattering, was too small to produce any changes in the recorded signals.) The scattering 
cross sections derived from these data were then compared for best fits with the calculated 
scattering from model aerosols to attempt to obtain a plausible description of the particles 
assumed to have scattered the light. The desired results included the parameters of the 
particle size distribution and, if possible, indications of the particle indices of refraction, 
including absorption, and whether the particles were liquid or solid. 

The desire to obtain more frequent measurements during early descent when the descent 
velocity was large led to a different nephelometer data format than that used by the Probe 
data system [ see Ragent et al., 1992, for a fuller discussion]. Measurements were obtained 
every three seconds for the first 10 measurements, every four seconds for the next 10 
measurements, etc. until a time of 12 seconds for each of 10 measurements was reached. 
After this the time per measurement was reduced to eight seconds for the rest of the Probe 
descent. The data were recorded into the internal memory of the instrument as 10-bit 
words, but these bits were furnished to the Probe data system in eight-bit sequences, as 
required for the Probe data format. 

In addition to the main scattering data for each angle, measurements of any optical 
surface contamination and four values of the 16° channel electronics gains, each equally 
spaced in time between reported scattering measurements, were recorded at least once 
during each kilometer of descent. A number of "housekeeping" measurements, recorded 



less frequently, were also included. These included the monitoring of three temperatures 
within the instrument, a reference voltage, three light source outputs, angular alignment of 
the forward scatter mirror assembly, and six electronics channels offsets. 

The instrument channel sensitivities were calibrated using three independent techniques. 
These involved (a) scanning through the sensitive volume for each scattering angle with a 
well documented scattering (or reflecting in the case of the 178' channel) target and 
integrating the responses over the scan [Pritchard and Elliott, 1960], (b) recording the 
scattering channel responses in a "standard" aerosol" particle chamber that was documented 
using other types of well calibrated instrumentation, and (c) attempting to obtain the 
scattering channel responses due to Rayleigh scattering in a chamber containing a gas (freon 
at high pressure). The results of these calibrations indicated, that the most reliable and 
accurate method was the scanning technique, yielding estimated accuracies of about five 
percent. 

In addition to the extensive room temperature calibrations, a large number of pre-launch 
tests were performed on the instrument in order to characterize and understand its behavior. 
Before installation of the instrument on the Probe, these included (a) both steady state and 
transient temperature tests covering the pre-flight specified ranges of -20’ to +50° C to 
measure the effects of these temperature environments on baseline offsets, sensitivities of 
each channel, actual light output and polarization characteristics of the light sources, light 
source monitor outputs, and the alignment and contamination detector readings, (b) wind 
tunnel tests and model calculations to establish the flow paths of particles around the Probe 
as a function of Probe descent velocity and particle size and mass, (c) tests to pressures 
ranging from 0 to about 6 bars to establish the sensitivity of the instrument to pressure, and 
to check the integrity of the pressure seals of the instrument electronics unit, (d) ambient 
light tests, (e) vibration and acceleration tests, and (f) actual tests in the earth's atmosphere 
measuring particles in atmospheric conditions such as in fogs. 



A large number of tests of the instrument were conducted during the assembly of the 
Probe and its integration with the Galileo Orbiter. Tests during Probe assembly measured 
the health and status of the instrument (a) with all of the channels optics covered and its 
deployable arm folded, or, (b) with the arm deployed, optics open, and a simplified 
modification of the scanning calibration technique using a limited number of fixed target 
positions. 

Two test targets aligned with the nephelometer were mounted on the aeroshell assembly 
that held the atmospheric entry heat shield enclosing the Probe. These targets provided 
reference scatter signals to the nephelometer for checking its condition after launch, during 
the interplanetary cruise phase and before the Jupiter atmospheric entry. Tests conducted 
before launch, shortly after launch, and during the cruise phase, verified the health and 
viability of the instrument to make measurements in Jupiter's atmosphere. 

During the Probe descent in the Jovian atmosphere, the measured instrument 
temperatures were found to exceed the originally expected and specified ranges and rates of 
change. Recorded temperature values were in the range of about -50’ to >100’ C and 
changed at rates of up to 10° C per minute. Differences of up to more than 10° C at a given 
time between the forward and backward scattering channel source regions were noted. 
There were also indications of much more extreme temperature differences between these 
regions and the region containing the alignment system source closer to the Probe wall, 
implying strong temperature gradients. Accordingly, after encounter, temperature tests 
covering much of this range, i.e. from about -60° to +60° C were performed on the flight 
spare Engineering Unit (EU), to better characterize the data received from the flight 
instrument. Although these tests were useful in establishing the response of the flight 
instrument, the data from these tests had to be used cautiously since there were, 
undoubtedly, differences between the flight unit and spare flight unit responses. In 
addition, it proved to be difficult to simulate the descent conditions fully, including the rates 



of change and details of the variation of temperatures with time in different portions of the 
instrument. 


3.0 Data Processing 

3.1 Discussion of Processing of Telemetry Data Records 

The Probe experimental data relayed from the Probe to the Orbiter during Probe descent 
were transmitted by the Orbiter to the Deep Space Network telemetry receiving stations, and 
were processed and presented to the experimenters by the Galileo Probe Project Office. 
These records consisted a data stream containing annotations, timing information and a 
series of 8-bit words arranged according to the designed minor frame format of 64 eight-bit 
words. Almost all of these data were received in a near-redundant form from the so-called 
A and B strings of the Probe data system. Each Probe minor frame contained five eight-bit 
words assigned to the nephelometer experiment. Because the nephelometer internal format 
required 800 bits to record one complete cycle of 10 measurements during descent, 100 
minor frame words from 20 Probe frames were required for each cycle of ten nephelometer 
measurements. The complete data cycle for all of the measurements and ancillary data was 
then reconstructed from the 100 eight-bit words. 

The nephelometer data frame contained a synchronization word, housekeeping data 
measurements, and 10 scattering data records, all included in the 800 bits. These data were 
recorded in the form of compressed 10-bit words, each consisting of a sign bit, three bits 
for the power of four exponent and six bits for the six most significant bits of the pertinent 
record. 

The experimental data records received from the Galileo Probe Project Office were first 
processed by separating out the applicable nephelometer words, applying a reordering 
program to each of the words received so as to reconstruct the 800-bit instrument data frame 



and each of the 10-bit data words, and applying an appropriate decompression algorithm to 
obtain the values of the data in raw data counts. 

The beginning time of each nephelometer data frame and the time for each measurement 
in the data frame were referred to the time for the beginning of the Probe minor frame zero 
(MFZ), nominally specified as the start of descent. The ambient atmospheric pressure, 
temperature, density, and Probe altitude were obtained by reference to the results obtained 
by the atmospheric structure instrument (ASI) experiment [Seiffet al., this issue], and each 
measurement was then tabulated as a function of time of measurement, ambient pressure, 
temperature, density and altitude. 

3.2 Estimate of Measurement Accuracy 

Errors introduced by the telemetry link and telemetry data processing are caused by 
modifications of, the addition to, or loss of bits from the data stream. In this experiment, 
there were substantial redundancies of data transmission, both from the redundancy in the 
design of the Probe data system and multiply repeated transmissions of the recorded data 
stream from the relay system aboard the Orbiter. Thus, it is believed that the telemetry 
errors were essentially eliminated and that the data received by the experimenters was very 
closely, if not exactly, the same as the data delivered by the instrument to the Probe data 
transmission system. 

Granulation uncertainties are introduced by the digitizing and data compression schemes 
used in this experiment. For example, for signals in the range from 0 to 64 units, data were 
reported in intervals of 1 unit, whereas from from >64 to 256 the interval increased to 4 
units, from >256 to 1024 to 16 units, and so forth. Thus a reading of 300 units would be 
recorded as 288 with an uncertainty of + 16 units. Since signals lay between a reported level 
and its additional least significant value, these non-statistical uncertainties were always 
positive, and varied from about +1.6% to +6.25% of its value depending on the magnitude 
of the signal. 
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Attempts were made in the laboratory to document the noise in each signal channel as a 
function of instrument temperature. Typical results indicated that in the least sensitive 5.8" 
channel the noise frequency distribution had a full width at half maximum of a few counts 
whereas for the most sensitive channel, the 178" channel, the full width at half maximum 
was about 10 to 20 counts at room temperature. 

As discussed below, the behavior of the baseline offsets with temperature in the flight 
data appeared to differ markedly from the behavior of these offsets in pre-flight tests. As a 
result, an alternate empirical technique for applying offset corrections was used. It is 
believed that, using the assumptions and recorded quantities discussed below, the major 
uncertainty in the baseline magnitudes arises from the granulation error of the recorded 
quantities. The processing used, the subtraction of the baseline reading for the minimum 
signal level (ostensibly at the base of a cloud structure) at a specified measured pressure 
from the recorded signals in its vicinity, and the subseqent use of these quantities, have 
uncertainties determined from calculating the error propagation. The uncertainty in the 
baseline drift itself is therefore not considered in this calculation of the uncertainties in the 
measurements. 

Sampling statistical errors can be estimated for a given density of particles, n, from the 
expression for the probability, P(N), of having N particles in sampling volume V at any 
instant. The expression for P(N) is given by, 

P(N) = (nV) N (N\y l exp(-nV) (1) 

For this distribution, the average value is nV and the standard deviation is ( nV so that 
the percent standard deviation from the average is 100 (nV)"^. In our case, the smallest 
sampling volume was >575 cm^ for the 70“ channel, corresponding to 4096 independent 
volume samples in the most sensitive range, so that the sampling standard deviations varied 
from less than 13% at n = 10^ m'3 to less than 1.3% at n = 10^ m'3. 



Estimates of the the accuracy of the measurements (exclusive of particle sampling 
statistics) included (a) considerations of telemetry errors, (b) granulation uncertainties due to 
digitizing and data compression schemes used here, (c) noise in each channel, (d) 
calibration uncertainties, and (e) baseline drifts. Factors (c), (d) and (e) must include 
corrections for instrument temperature and other environmental factors. 

The percent uncertainty is equal to: 

(100/signal) {[(telemetry uncertainty )2 + (granulation uncertainty )2 + (noise uncertainty)^ + 
(base line drift uncertainty^] 1/2 + (calibration uncertainty)} 

The full scale ranges for the 5.8" channel extended from 4.9 x 10'^ m'l sr' 1 for the most 
sensitive range to 3.1 1 x 10'^ m'l sr'l for the least sensitive range, and, correspondingly, 
for the 178"channel, from 5.73 x 10~7 m'l sr'l to 3.66 x 10'^ m'l sr'l. For these 
channels the percent uncertainties in the most sensitive ranges, exclusive of the calibration 
uncertainty (estimated to be about 5%), amounted to about 8% and 16% of the full scale 
ranges, respectively. For larger signals in signal ranges successive to the most sensitive 
range, each with a full scale value equal to four times larger than the next smaller full scale 
value, the non-calibration uncertainties decreased with increasing full scale values to a final 
minimum of 1.6% of full scale in all channels. 

3.3 Presentation of Processed Raw Data 

The decompressed raw data counts for the instrument status, i. e. housekeeping, data, 
are plotted as a function of ambient pressure in Figures 1, 2, and 3. Figure 1 is a plot of the 
internal instrument temperatures near the forward scatter laser injection diode (LID) light 
source, near the backward scatter LID light source, and inside the pressure tight electronics 
container, as well as a plot of the measured ambient atmospheric temperature (Seiff, private 
communication). Figure 2 shows plots of the readings of monitors of the light output of the 
forward scatter, backward scatter, and the contamination (and alignment) light sources. 



Figure 3 displays the data recorded for the optical surfaces contamination detector and the 
outputs from the four quadrants of the alignment detectors. The contamination monitor 
output is the sum of the outputs of the four quadrant detectors used as a time-shared detector 
with the less frequently taken alignment measurements. The gain of the 16' scatter channel, 
monitored four times during the period of each measurement of this channel, is not 
presented here because the scatter signal magnitudes were low during the entire descent 
period and the value of the gain remained constant at its highest value. 

The directly processed records of the raw outputs from the five angular scattering 
channels during the Probe descent are plotted in Figure 4. Expanded versions of these 
records are also shown in Figures 5a, 5b, 5c and 5d. 

3.4 Reduction of Raw Data to Physical Quantities 

The raw data counts recorded in the scatter channel data were to be reduced to scattering 
cross sections, F(d) = No(dZ/dQ)0 m'lsr'l, where No is the density of particles and dZ 

is the differential scattering cross section for scattering from the incident beam into solid 
angle element dQ = sinOdd d(p at scattering angle d. This was to be accomplished by 
subtracting the appropriate channel baseline offset counts, as determined in the preflight 
calibration tests for the measured instrument temperature, from the raw data counts of each 
channel, and then applying the calibration coefficient for each channel, in units of m'W~ 
lcount'1, for that temperature. Unfortunately, it proved to be very difficult to make 
accurate straightforward corrections to each channel's baseline offsets because of the severe 
temperatures, rapid temperature excursions, and temperature gradients experienced by the 
instrument during descent, outside of the pre-flight calibration ranges. For the very small 
signals often measured, the extrapolated baseline corrections appeared to be much larger 
than the signals themselves. In addition, the behavior of the baseline offsets with 
temperature for the flight data appeared to be different from the behavior of these offsets 
with temperature evidenced in the preflight tests. The reasons for these differences are not 



completely understood at present, but might be attributable to the large temperature gradients 
and the rapid rates of temperature change. 

As a result, a different approach to reducing the raw data to physical quantities was 
used. This technique assumed that in regions exhibiting appreciable scattering signals, the 
minimum values of data at the base of such regions, as noted by simultaneous minima in at 
least three of the scattering channels, indicated a lower boundary to scattering structures, 
structures which were presumably composed of particles in the atmosphere. The value of 
this minimum reading in each channel was taken to be that for a clear atmosphere, free of 
particles, and to be the applicable offset for the region near the boundary. It was assumed 
that this offset was essentially constant for measurements taken near this boundary, and that 
signals greater than the offsets in these lower boundary regions were due to the particulate 
scattering medium. Temperature compensated calibration coefficients, derived from pre- 
flight flight unit calibrations, were extended using the results of post-flight spare flight unit 
laboratory tests. They were then applied to these baseline "corrected" data in the applicable 
altitude regions. It is recognized that this process may ignore the contribution from 
extended scattering structures of appreciable thickness that vary slowly with altitude and 
may even underlie the more sharply varying less extended structures, and that using the 
fixed offsets introduces errors into the offsets for reduced data measurements made at some 
distance from the assumed minimum. It appears, at least for the most pertinent signal 
regions considered here, that this method yielded reasonable estimates of the amounts of 
scattering attributable to these structures. 

Curves of derived cross sections for scattering at the five scattering angles as a function 
of pressure are shown in Figures 6a, 6b, 6c and 6d. Also shown in Figures 6b, 6c and 6d 
are estimates of the errors associated with these derived cross sections including digitization 
uncertainties, estimates of noise in each channel (derived from preflight and cruise phase 
tests) and propagated errors associated with the manipulations of the data. Systematic 
errors due, for example, to uncertainties in calibration, have not been indicated here. 



As an example of the close correlation of signals in the signal channels. Figure 6b 
shows the cross section data from the 5.8', 16', 40', and 178’ channels for the ambient 
atmospheric pressure region of about 0.9 to 1.4 bars, superposed onto the same scale of 
ordinates by multiplying the data from each channel by an appropriate constant factor, as 
indicated. 

The general similarity in the shapes of these signals lends some confidence in the 
constancy of the assigned offset for each channel over much of this range of measurements. 


4.0 Data Reduction and Discussion 

4.1 Housekeeping Data and Implications 

a) Temperature Sensors 

The temperature profiles measured by the sensors mounted near the forward and 
backward sources indicate that the internal Probe temperature and the instrument 
temperature were very strongly influenced by the external atmospheric temperature. The 
first temperatures recorded by the instrument sensors, approximately 1 ' C, were at a time 
prior to Probe separation from the aeroshell, and were about as expected from the aeroshell 
environment, including its heaters. Subsequent temperature behavior indicated a very 
strong coupling of the instrument temperatures to the external atmospheric temperature and 
also indicated that the Probe housing was providing much less thermal isolation than had 
been expected. Figure 1 shows plots of instrument temperatures and atmospheric 
temperature as a function of time from minor frame zero (MFZ) (t = 0 at p ~ 0.41bar), and 
shows that the instrument temperatures, lagging by about 25*, followed the rising 
atmospheric temperature up to over 100' C fairly faithfully after cooling down to about -50“ 
C for about the first 700 seconds. Other Probe instruments and the shelf on which the 
instruments were mounted also exhibited similar temperature-time excursions. 

b) Source Monitors 



The outputs from the monitors of the outputs of the forward and backward scatter (LID) 
sources, Figure 2, showed variations that reflected the measured temperatures of these 
sources. The high temperatures produced reductions in source output from about 50' C 
onward to catastophic decreases when the sources reached temperatures of about 60’ to 70’ 
C, at ambient atmospheric pressures of about 12 to 13 bars. The beginning of these 
decreases thus marked the termination of any useful measurements by the instrument at an 
atmospheric pressure of somewhere between about 10 to 13 bars. 

The source monitor of the contamination and alignment measurement source also 
documented the behavior of this light emitting diode (LED) as a function of temperature (see 
Figure 3). This source and its monitor were at locations much closer to the Probe skin than 
the other source monitors and temperature sensors, and showed a sharp increase in output, 
up to saturation of the monitor before the first 100 seconds of descent. Based on preflight 
test data and the results of post-flight low temperature tests on the spare flight instrument, 
we believe that this monitor behavior indicated that the region of the instrument containing 
this source, and that, incidentally, contained the instrument's backward scatter channel 
detectors, was very cold. In fact, it was probably much colder than indicated by the scatter 
channel sources temperature monitors that were mounted inboard, much farther from the 
Probe skin. This contamination channel source monitor remained saturated until after 900 
seconds of descent after which its readings decreased. It continued to indicate very high 
source outputs, until the readings decreased to more nominal values and leveled off at times 
of -1000 to -1500 seconds after MFZ (-4.1 to -6.8 bars). They remained nominal until 
final decrease after times of -2300 seconds (-12 bars), 
c) Contamination and Alignment Channel Records 

The contamination channel recorded the readings of the sum of the outputs of the four 
quadrants of the alignment detector to light pulses generated particularly for this 
measurement by the LED source. The collimated source beam was directed out through the 
outboard side of the backscatter channel assembly, reflected from a flat mirror mounted on 



the deployed mirror assembly onto the quadrant detector mounted inside the backscatter 
channel unit. Readings deviating from nominal, and unusual variations of these readings in 
time were, presumably, to arise from changes in the optical path followed by the light beam, 
indicating that the optical surfaces of the mirror or windows had become coated by deposits 
of condensates from the atmosphere, even though during descent these surfaces were 
electrically heated in an attempt to prevent such depositions. The readings of this monitor 
(see Figure 3) seemed to indicate appreciable deposition during the early descent period, 
covering the period from about 30 (-0.49 bars) to about 350 (-1.42 bars) seconds after 
which these deposits appeared to evaporate for the next 700 (-4.4 bars) seconds, leading to 
a 'clear' system until the monitor stopped functioning after about 2300 (-12 bars) seconds. 
However, subsequent post-flight laboratory tests of the spare flight unit demonstrated 
conclusively that the observed behavior of the contamination monitor channel was the result 
of the response of the quadrant detector system to the unusually high outputs from the LED 
light source caused by its extremely low temperatures at this time. This amount of light led 
to partial long-time-constant saturation and biasing of the quadrant detectors, reducing the 
apparent output of these detectors to the subsequent light pulses, and simulating the 
appearance of contamination. At this time we conclude that there is no conclusive evidence 
that any contamination of the optical surfaces took place at any time during descent. 

The behavior of the alignment monitors (Figure 3), also indicated the variations 
described above. Again, and with the possible exception of a small difference in the 
behavior of one of these four detectors at 1500 to 2300 seconds (-6.8 to >12 bars), there 
was no indication of any change in the effective scatter angles caused by arm motion or 
mechanical distortions. 

4.2 Description of Scatter Channel Signals in Various Altitude Regimes 

a) Pressure region of 0.46 to 0.59 bars (altitudes of 17.3 to 12.4 kilometers above the one 
bar atmospheric pressure level, measurement numbers 6 to 20) (See Figure 6a). 



The first valid nephelometer readings occurred at deployment at an ambient pressure 
level of about 0.46 bars (altitude -17.3 kilometers above the altitude at which the ambient 
pressure is one bar). As the Probe descended, the magnitudes of the signals decreased from 
those measured at 0.46 bars to a minimum value at a pressure level of about 0.52 bars, and 
then the signals exhibited several peaks, correlated in all of the instrument channels, down 
to a pressure of about 0.58 bars. Equilibrium thermodynamic calculations, using 
atmospheric concentrations of NH 3 vapor equal to "solar" concentration, had previously 
predicted the presence of a cloud of ammonia particles above a cloud base at approximately 
0.6 bars [Weidenschilling and Lewis, 1973; Atreya and Romani, 1985; Atreya, 1986]. 
Other experiments aboard the Probe [Sromovsky et al, this issue; Seiff et al., this issue] 
have also indicated the presence of a cloud at and above these pressure levels. Using 
equilibrium cloud simulation Atreya et al., 1997, have calculated the presence of an 
ammonia-ice cloud based at 0.5 bars assuming an NH 3 concentration of 2.2 x 10~6 by 
volume (0.01 solar). Best fits to the data obtained by the Probe Net Flux Radiometer 
(NFR), also indicate a derived NH 3 abundance of the order of a percent of solar at 
pressures of 0.5 bars [Sromovsky et al., this issue]. This value is also in accord with 
analyses performed on Earth-based and Galileo Orbiter NIMS observations of hot spots at 
Galileo Probe entry site latitudes [Stewart et al., this issue; Roos-Serote et al., this issue; 
Irwin et al., this issue]. The nephelometer signals at these altitudes indicate a decreasing 
particle concentration with pressure, with some evidence of vertical inhomogeneities in 
structure near its base. Such behavior for cloud bases is not uncommon for Earth clouds, 
as usually associated with local atmospheric dynamics as well as microphysical cloud 
considerations of condensation, coagulation and/or coalescence, and precipitation. Such 
considerations also affect actual observed cloud mass concentrations which are sometimes at 
least an order of magnitude smaller than predicted from equilibrium calculations. Although 
our experiment does not show a sharp lower boundary for such an NH 3 cloud at these 



altitudes, we have interpreted the measurements in this region to indicate particles belonging 
to the lower portions of the predicted NH 3 cloud. 

b) Pressure region of 0.60 to 0.75 bars (altitudes of 11.9 to 7.0 kilometers above the one 
bar pressure level, measurement numbers 21 to 32). 

Although some very small correlative signals among several channels, that may be 
associated with the overhead NH 3 cloud, have been found in this pressure range, the 
atmosphere appeared to be clear of any notable amount of particulate matter. 

c) Pressure region of 0.76 to 1.34 bars (altitudes of 6.5 above to 7.8 kilometers below the 
one bar pressure level, measurement numbers 33 to 60). (See Figure 6 b.) 

The first portion of this region starting at about 0.76 bars (6.5 kilometers above the one 
bar pressure level, measurement number 33) shows an increasing concentration of particles, 
the beginning of a buildup that reaches several more prominent structured layers of particles 
starting at a pressure level of about 1.00 bars ( 0.1 kilometers below the one bar pressure 
level, measurement number 46). This buildup appears to be the top part of a region in 
which the equilibrium thermochemical calculations mentioned above [Weidenschilling and 
Lewis, 1973; Atreya and Romani, 1985; Atreya 1986] have predicted the existence of a 
cloud of particles comprised of a compound of NH 3 and H 2 S, the so-called ammonium 
hydrosulfide (NH 4 SH) cloud . The major portion of the structured layers in this structure 
lies below this buildup, and consists of two main overlapping layers, the first extending 
from about 1.00 to 1.14 bars (0.1 to 3.4 kilometers below the one bar pressure level, 
measurement numbers 46 to 52) and the second, denser, sharply-terminating layer from 
1.14 to 1.34 bars (3.4 to 7.8 kilometers below the one bar pressure level, measurement 
numbers 52 to 60). Atreya et al., 1997, have calculated that an NH 4 SH cloud, based at 
1.34 bars in the Jovian atmosphere, can be identified with an assumed mixing ratio for H 2 S 
of 1.8 x 10-7 (~6 x 10"3 solar). This H 2 S concentration is in fair accord with the upper 



limit mixing ratio of H 2 S of 10'6 reported by the Galileo Probe Mass Spectrometer 
(GPMS) experiment [Niemann et al., this issue] for pressures less than 3.8 bars, and the 
upper limit of 3.3 x 10"® at pressures of less than 0.8 bars reported from Earth-based 
observations [Larson et al., 1984]. The GPMS results also indicate dramatically rising 
mixing ratios for H 2 S as a function of increasing pressure. 

Only upper limiting determinations for NH 3 concentrations of 7 and 10 times solar at 
pressures of 1 1.7 and 20.2 bars are now available from the GPMS results [Niemann et al., 
this issue]. Folkner andWoo [this issue] have reported that analyses of the radio signal 
directly received on Earth from the Probe as it descended in the Jovian atmosphere have also 
yielded a measure of the NH 3 concentration as a function of pressure. Their analyses show 
an increase in NH 3 concentration with depth for pressures greater than about 4 bars, and 
have yielded values of NH 3 abundance somewhat smaller than, but within an order of 
magnitude of solar abundance at pressures less than about 2 bars. This lower pressure 
value must be considered with caution since their results at low pressures are the most noisy 
and unreliable of their measurements . For the pressure range of about 0.7 to 1 .5 bars, and 
using the values of de Pater and Mitchell [1993] for pressures of >4 bars the Probe NFR 
results ( Sromovsky et al., this issue] are fit with abundance values of several percent of 
solar up to about 10 percent of solar, of the same order as the radio signal measurement 
results of Folkner and Woo [Folkner and Woo, this issue]. The Probe appears to have 
entered a "dry ' 1 atmosphere that may have been experiencing some lateral mixing with 
depth, a proposal that would also explain the increasing concentrations of NH 3 and H 2 S 
(and H 2 O) with depth. 

The calculated cloud mass concentrations obtained from the equilibrium thermochemical 
model calculations mentioned above, although probably considerably larger than those 
derived from the nephelometer experiment data (see Tables I, II and III), are not 
unreasonable, considering the simplified model used for the calculations that, for example, 
ignores atmospheric motions and cloud microphysical processes. 



d) Pressure region of 1.37 to 1.72 bars (altitudes of 8.4 to 15.0 kilometers below the one 
bar pressure level, measurement numbers 61 to 72). (See Figure 6 b.) 

Several very tenuous and spatially thin layers of particles are apparent at pressure levels 
of 1.40 and 1.52 bars (altitudes of 9.0 and 11.4 kilometers below the one bar pressure 
level, measurement numbers 62 and 66 ), and a denser sharp layer is evident at a pressure 
of 1.65 bars (13.8 kilometers below the one bar pressure level, measurement number 70). 
The composition of these layers is not at all clear at present. It is possible that these wispy 
layers may be associated with the more substantial, but still modest, cloud directly above, 
whose particles' composition was tentatively associated with NH 3 and H 2 S compounds, 
and are simply detached layers, as frequently occurs for Earth clouds. Alternatively, it is 
possible, assuming a very small local vapor pressure of H 2 O, that these layers may be 
evidence of the presence of a very feeble water-ice "cloud". For the sharp layer at 1 .65 bars 
Atreya et al.. [1997], using equilibrium thermochemistry, have calculated the possibility of 
such a composition, assuming an H 2 O mixing ratio of 10^ solar. Again, this composition 
is consistent with the low limits on the concentrations of H 2 O at these pressures inferred 
from the analyses of data from other Galileo Probe and Orbiter experiments [Niemann et al., 
this issue; Roos-Serote et al., 1997]. The largest density of material condensed in these 
layers, as estimated from the nephelometer results, is small (Ragent, unpublished), even 
smaller than the low values that would be predicted from equilibrium calculations. While 
not ruling out the possibility of H 2 O condensates at these pressures, and because of the 
proximity of these layers to the structure above, we are slightly inclined at present to favor 
associating the composition of these layers with that of the particulate structure overhead. 

e) Pressure region of 1.76 to 4.9 bars (altitudes of 15.6 to 52.2 kilometers below the one 
bar pressure level, measurement numbers 73 to 150). (See Figure 6 c.) 



The upper portion of this region, say from 1.8 to about 2.5 bars, appears to be the 
beginning of the buildup of a structure that is composed, in general, of a series of very 
tenuous overlapping layers that join together to form a feeble but relatively extensive 
continuous structure extending to, perhaps, as low as or lower than 4.5 bars. However, in 
this region temperatures well below our design specifications were experienced by our 
instrument, and the magnitudes and variation with time of baseline drifts and channel 
sensitivity variations are uncertain. We have attempted to use the extensive post encounter 
laboratory tests of our spare flight instrument better to define the performance of the flight 
instrument using extrapolations and insights gained from these tests, but many uncertainties 
remain. The existence of particle structures of some significance in this region is certain, as 
evidenced by the sharp, simultaneous variations in the readings obtained in the 5.8°, 16”, 
and 178' channels at pressures of 2.1bars, and of the 5.8", 16', 40* and 178" channels at 
3.5 bars (see Figures 6c and 6d). Although the exact baseline variation is difficult to 
establish, the sharp variations in these channels, especially the correlation of the 5.8', 16° 
and 40' channel behavior with that of the 178' channel is compelling, since these two sets 
of data come from essentially two separate instruments, and the common digital electronics 
used by these two sets of channels never experienced the extreme conditions as the sensor 
heads. In addition, the relative magnitudes of these changes in the various channels are in 
accord with those that would be expected from particle scatterers with reasonable optical 
properties. 

The sharp variation at the 3.5 bar level makes it tempting to assume that this indicates 
the base of a layer of a cloud structure, and that subsequent small signals detected at even 
greater pressures are due to particulate matter associated with but detached from this 
structure. Although the magnitudes of the signal variations, especially in the 5.8°, 16”, and 
178° channels, were above any instrumental, digitization, or sampling errors, the signals are 
in general small, and the overall magnitudes of the effects of this tenuous "cloud” may well 
be minor. An estimate of the typical extent of this layer is that it extends from roughly 2.4 



down to about 3.6 bars (26.2 to 39.8 kilometers below the one bar pressure level, 
measurement numbers from 90 to 1 17), or to a bit higher pressure. 

Equilibrium calculations of the abundance of H 2 O required for the formation of an 
H20-ice cloud in this region, based at 3.6 bars, give values of the order of a tenth of the 
solar abundance value [Ragent, 1997 unpublished; Atreya, personal communication], far 
outside the values reported by measurements from other Probe and Orbiter experiments [~ 5 
x 10~4 solar for p < 3.8 bars from the Probe GPMS results ( Niemann et al., this issue) and 
about 10~4 to 10'2 solar for p = 4 bars in different portions of the hot spot (and less for p < 
4 bars) derived from modeling of the Orbiter NIMS results ( Roos-Serote et al., this issue)]. 
However, modeling calculations to fit the Probe Net Flux Radiometer (NFR) measurements 
yield values of H 2 O abundance of about 0.1 solar [Sromovsky et al., this issue] at a 
pressure of 3.6 bars, using an NH 3 profile (based on the measurements of de Pater and 
Mithchell [1993]), which proves to be similar to that of Folkner and Woo [this issue] in the 
pressure range of 2.2 to 4 bars. It should be noted, that thermochemical equilibrium 
calculations predict several orders of magnitude more condensed H 2 O than is consistent 
with the optical scattering measured by the nephelometer. 

At present we are uncertain of the chemical or physical nature of the species giving rise 
to the signals observed in this region. Several possibilities have been suggested, but, as 
yet, none can be completely verified from existing measurements. One possibility is that 
this structure really is a tenuous water-ice haze. Various explanations for the reduction in 
the amount of particulate matter in a water cloud from that predicted from thermochemical 
equilibrium at this altitude have been proposed. For example, Engel et al. [personal 
communication], have developed a 1 -dimensional model that includes considerations of 
microphysical processes and precipitation. Assuming that a water cloud had formed at these 
altitudes at any time (a somewhat unlikely event considering the low measured H 2 O 
concentrations and the uncertainty of the existence of a cloud base) they have calculated that, 
"a subsidence velocity of 1 m/sec reduces the cloud mass by about 2 orders of magnitude, 


and places the cloud peak at an altitude of 220 K (~2.4 bars) instead of 270 K (-4.7 bars). 
A 1.5 m/sec subsidence reduces the cloud density by almost 4 orders of magnitude and a 
subsidence velocity of 2 m/sec makes the cloud disappear." 

Another suggestion is that perhaps we are sampling material which is being transported 
laterally from much wetter conditions outside the downwelling region. Observations made 
by the Galileo Probe Mass Spectrometer [Niemann et al. , this issue] show an increase of the 
abundances of H 2 O and H 2 S with depth, and interpretation of the larger than expected 
Probe signal attenuation as an increase of the NH 3 gas abundance with depth [Folkner and 
Woo, this issue] is consistent with this process [see also Atreya et al., 1997). In fact, it is 
expected that lateral motions will eventually become as strong as the downwelling motion 
assumed to be characteristic of the hot spot. This possibility might even be enhanced by the 
location of the Probe entry site near the southern perimeter of the hot spot [Orton et al., this 
issue], as the Orbiter NIMS experiment has detected clear evidence of large variations of 
H 2 O vapor going from the center toward the periphery of 5 pm hot spots [ Roos-Serote et 
al., this issue]. Further explanations for the local atmospheric dynamics and variations of 
the concentrations of condensibles measured by the Galileo Probe instruments at its entry 
site, and Galileo Orbiter and Voyager measurements in hot spot environments are now 
appearing, as, for example, have been proposed by Showman snd Ingersoll [1997; 
submitted to Icarus ], and by Baker and Schubert [1997]. 

An unusual suggestion [O. B. Toon, personal communication] involves the possible 
condensation of water in a very clean atmospheric situation almost totally free of cloud 
condensation nuclei that could produce heterogeneous nucleation. If the vapor pressure in 
such a region is low enough so that homogeneous nucleation is rare, then the few such 
events that occur can result in the rapid growth of particles so large that they produce only 
very small signals in experiments designed to detect normal particulate scattering. Such 
explanations have been proposed to explain effects in the Earth's atmosphere, the so-called 
"rain in a cloud-free atmosphere" [Ackerman, Toon and Hobbs 1993]. 



Finally, the scattering in this region observed in this experiment may be due to an, as 
yet, unspecified species. 

f) Pressure region greater than 4.9 bars (altitudes of more than 52.2 kilometers below the 
one bar pressure level, measurement numbers greater than 150). (See Figure 4.) 

Although a number of significant correlations among several channels for very small 
signals were observed, no significant particulate structure extending over any appreciable 
altitude range was evident at pressures greater than 4.9 bars down to pressures of at least 
about 10 bars to the instrument failure at about 12 bars. 

4.3 Data Reduction. Determination of Particle Characteristics and Cloud 
Properties 

Introduction. The nephelometer uses measurements of the angular distribution of 
scattered light to characterize particles. There are limitations inherent in attempting to use 
nephelometer data to infer particle characteristics and cloud properties. The maximum 
particle size that can be characterized by such an instrument is limited by the angular width 
to the first particle diffraction pattern minimum and the smallest angles sampled by the 
instrument, and in our case amounts to a particle size of about 10 pm. Particle size 
distributions containing appreciable numbers of larger particles can produce data that may 
only lead to particle size descriptions as "large". 

Factors such as sphericity, non-sphericity, inhomogeneity, appreciable voids (fluffy 
particles), inclusions, coatings, mixtures of allotropes, appreciable absorptivity, etc., 
influence the scattering behavior of particles. The differences in scattering behavior among 
such particles may cause difficulties in attempting to characterize the particles using 
scattering measurements made at only a few angles. However, calculations and some 
measurements of the scattering from such particles, discussed below, have shown that, for 
a given refractive index and similar nominally sized distributions, the scattering from 



nonspherical particles, averaged over orientation, does not differ radically from that of 
spherical particles in the forward direction out to scattering angles of about 40°. Generally, 
at intermediate and larger angles (-70° to 150°) non-spherical particle phase functions 
averaged over orientation do not show the detailed structure associated with the phase 
functions for spherical particles, and often tend to deviate from those for spherical particles. 
Scattering at very large (-178°) angles also shows different, usually lower, values for non- 
spherical particles (see, for example, Pollack and Cuzzi, 1980; Zerull and Giese, 1974; 
Zerull, et al., 1993; Schuerman, 1980, Schuerman et al., 1981; Mischenko and Travis, 
1994; Mischenko et al., 1997; West, Tomasko and Doose, 1994; West et al., 1997). In 
addition, absorption in the scattering particle may tend to modify the scattering phase 
function from that for the same particle without absorption to a greater or smaller degree, 
but generally in a similar manner. 

Mie theory is used extensively for calculations for the scattering from spherical and near- 
spherical particles, spheroids and cylinders; however, for non-spherical and aggregate 
particles, several popular numerical algorithms are the discrete dipole approximation (DDA), 
which is limited by practical considerations to particles with equivalent radii of the order or 
smaller than the incident light wavelength, [Purcell and Pennypacker, 1973; Draine, 1988; 
Goodman, Draine and Flatau, 1990; Draine and Flatau, 1994], and T-matrix techniques 
[Mischenko, 1993; Mischenko and Travis, 1994; Mischenko et al., 1997]. Using the DDA 
method Xing and Hanner [1996] and Yanamandra- Fisher and Hanner [1997] have done 
detailed studies of the effects of shape parameters on optical scattering, as applied to comet 
dust. A similar study for a "variety of particle shapes and sizes up to equivalent-volume 
size parameter X = 2ttr/X = 8, etc.", and a log-normal size distribution were performed by 
West, Tomasko and Doose [1994], West et al. [1997] have also performed laboratory 
measurements of scattering phase functions and polarizations for mineral dusts for particles 
with equivalent-sphere radii from a few tenths to about 10 pm. They find that the 
experimental results compare favorably with scattering phase functions calculated for 



spheroids with a distribution of axial ratios, sizes, random orientation and appropriate 
indices of refraction. 

Using the DDA approach we have also run a suite of cases including five regular shapes 
(sphere, cylinder, ellipse, hexagon and tetrahedron) using two different size parameters and 
several values of the imaginary refractive index. Results of one such set of calculations is 
shown in Figure 7. As in some of the publications mentioned above we find that shape 
effects are negligible when the particle dimensions are smaller than the wavelength. For 
larger particles there are essentially small differences among the phase functions for the five 
regular shapes in the forward scattering direction; however, the enhancement in backscatter, 
although almost always smaller than for a spherical particle, is greater for equidimensional 
particles such as sphere and tetrahedron and lower for elongated particles such as the 
ellipse, cylinder and hexagon. In contrast, when the particle size is increased to be 
comparable to, or larger than, the wavelength of light, the phase functions of the various 
shaped particles exhibit more differences in structure. In the forward scatter direction, 
particularly from 0 to 70 degrees, the phase functions of all shapes behaved similarly, 
elongated particles demonstrating slightly sharper forward diffraction peaks. However, at 
intermediate scattering angles (70 to 150 degrees) and in the backscatter direction, there are 
distinct structural differences in the phase functions and the behavior of the non-spherical 
particles backscatter was varied. The backscatter enhancement decreased for elongated 
particles and was greater for equidimensional particles such as sphere and tetrahedron. As 
the particle size became much larger or if an aggregate composed of these particles with an 
effective size parameter greater than the wavelength of light was used, we find that the 
behavior of the scattering from the particle is similar to that of a equivalent volume sphere of 
similar size parameter (see also Yanamandr a- Fisher and Hanner, 1997; Xing and Hanner, 
1996). 

We also studied the influence of the imaginary refractive index on the phase function. 
For example, we considered the case of a particle with a real component of refractive index 


of 1.75 and varied the imaginary component from 0-0.1. (Although the refractive index of 
NH 4 SH is not well constrained, the real part of its index of refraction is believed to be 
about 1.75 at 0.9 pm. See, for example, the discussions of Bragin, Diem and Guthals 
[1977], Ferraro, Sill and Fink [1980], and the citations in Carlson, Lacis and Rossow 
[1992].) We find that the phase function does not change very much with the introduction 
of a modest amount of an imaginary component of the refractive index (over the range of 
imaginary component of the index of refraction studied) and for the particle size range we 
used, but, as expected, variation of the real component of the refractive index does affect the 
phase function. 

All of the cases we studied were confined to the study of homogenous particles. For 
heterogeneous particles the effective refractive index can be simulated by Bruggeman's or 
Maxwell-Gamett mixing rules for mixed media [see, for example, Bohren and Huffman, 
1983]. The study of heterogeneous and porous particles by Yanamandra- Fisher and 
Hanner [1997] indicates that the backscatter enhancement can be reduced or even completely 
suppressed both by a small fraction of contaminants and also by voids equivalent to about 
25% of the entire volume of the particle. Giese et al. [1978] found a slight enhancement in 
backscattering to be typical for rough or fluffy absorbing particles, with a range of size 
parameters (see Eq. 2) equal to 20 to 30. 

Although attempts can be made to take the differences in scattering phase 
functions, discussed above, into consideration, with data from only a small number of 
sampled angles, the sensitivity of the inversion processes to indices of refraction, particle 
size distribution parameters, and to differences from particle sphericity, homogeneity, 
voids, etc. may not be great. Within these and the other severe limitations imposed on 
instruments for typical exploratory space missions the NEP instrument is, however, suited 
to providing general characterizations of particle properties. 

Using the data measured by our nephelometer instrument we have attempted to define 
the particle characteristics and cloud properties in the regions traversed by the Probe during 



its descent. However, in addition to the described limitations, a number of difficulties have 
been encountered in these attempts. First, much of the data obtained consisted of very small 
signals, often within the range of instrumental errors, digitization uncertainties or 
instrumental noise, so that measurements at the five angles were sometimes hard to compare 
accurately with each other. Secondly, long after the Galileo Mission launch it was 
discovered that aerodynamic effects that reordered the particle density, especially in regions 
near the mirror assembly, might be present during Probe descent, severely affecting the 
signals measured by the nephelometer. Although considerable effort was made during the 
instrument design phase to look into aerodynamic effects that might affect the flow* of 
particles in the sampling volumes, the detailed interaction between the small mirror 
assembly and the atmosphere was not considered. It was thought that the effects of this 
cause of particle flow interference would be negligible. However, post flight consideration 
has shown that these effects may have been especially severe in the 40° and 70° channels, 
appreciably affecting the signal in the 40° channel, and, perhaps, often reducing the signal 
in the 70° channel to below the channel sensitivity limits. As noted above, calculations are 
in progress to estimate the effects of such aerodynamic processes and to attempt to correct 
the measured data. 

Another factor that seriously affected our attempts to interpret the data involved the 
severe environment experienced by the instrument during descent, including extreme 
temperatures, rapidly changing temperatures and spatial temperature gradients, all far 
outside the original instrument specifications. These temperature effects produced 
uncertainties in the sensitivity corrections and baseline offset corrections to be applied to the 
data in the temperature regimes outside of our pre-flight calibrations. Following encounter, 
extensive laboratory tests, attempting to simulate the temperatures and rates of temperature 
changes encountered during descent, were performed using the spare flight Engineering 
Unit (EU) nephelometer instrument. The data from these tests were compared with 
extrapolated pre-flight calibration data for the flight instrument and the Jupiter descent raw 



data were corrected using both the extrapolated pre-flight calibrations and the post-encounter 
spare unit calibrations to establish limits for the corrections to be applied. It proved to be 
difficult to effectively simulate the baseline variations observed in the flight data, and as a 
result, we adopted the procedure of normalizing the data to minimum values, discussed 
above, to analyze the particle characteristics in each of the signal producing regions. 

Finally, the actual particles present in the regions in which we obtained signals, as 
mentioned above, may well be energy-absorbing or non-spherical or non-homogeneous or 
all of these at once (for example, composed of several allotropes, or "fluffy", with voids, or 
coated, or containing impurities, etc.). The assumption of spherical homogeneous particles 
for our model calculations may introduce appreciable discrepancies in attempting to describe 
these particles. 

Inversion of Data to Obtain Particle and Cloud Characteristics. The differential 
cross sections derived from simultaneous measurements in each of the five scattering 
channels were compared for best fit with the results obtained from Mie scattering 
calculations for assumed model particle size distributions. The particles were assumed to be 
spherical and homogeneous and calculated Mie phase functions were compared with the 
experimentally measured cross sections to obtain the best fit for the model parameters (mean 
particle size, r m , size distribution width, o, and complex index of refraction, m r - i mi ). 
Because of some of the difficulties cited above, it proved to be possible only to set limits on 
the values of the parameters, sometimes wide ones. Details of the techniques used in 
establishing these values are given in the following sections. Work in progress, attempting 
to obtain applicable particle spatial distributions in the sampling volumes of the 
nephelometer as a function of descent velocity, ambient atmospheric properties and particle 
size, and derived corrections to the data in, especially, the 40‘ and 70‘ channels, will enable 
us to improve the values of these parameters. 

Rapid Analytical Technique. A rapid method for attempting to derive the parameters 
characterizing the particles and cloud properties was employed in the initial data analyses. 



Scattering cross sections derived from the observed data were compared with those derived 
from model calculations as follows: 

For the sake of simplicity, the initial analyses of the nephelometer results were carried out 
using a log-normal distribution of homogeneous spherical particles and Mie theory, which 

completely characterizes the scattering of light by spheres of a given complex refractive 
index and size parameter Xj^- e , where 

X Mie =2zrlX (2) 

r is the particle radius and A is the wavelength of the incoming light (0.904 fim for the 
Probe nephelometer). For size parameters greater than 2-3, the mean particle size can be 
determined with considerable accuracy from the width of the diffraction peak. 

The particle size distribution function for the model calculations was taken to be a log 
normal distribution characterized by parameters No, On, and cr, and defined by the 
expression 


C 


n{r,r m ,G) = — exd 


- 

rin(/-/rh 

2- 

-0.5 

til 



v Infer) J 

_ 


(3) 


C = 


N, 


V 27T ln(cr) 


(4) 


N o = n(r,r m ,a)dr 
0 


(5) 


where. 


n(r,r m ,o) is the number of particles per unit volume with a radius between r and 
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r+dr, 

N 0 is the total number of particles per unit volume, 
r is a mean radius such that half the particles are at r less than r m , 

and, 

a is a width parameter 

Angular scattering cross sections for light of wavelength 0.904 pm incident on this 
distribution were calculated for assumed values of the parameters, N Q , r m> and <7, assumed 

values for the index of refraction of the particles, m = m r -imi, and a Mie scattering 
calculation program [e.g. see Bohren and Huffman, 1983]. The near-Gaussian-shaped 
angular acceptance function of each of the four forward scatter channels and the measured 
response of the nephelometer's backscatter channel were also included in these calculations. 

The five measured cross section values, F(5.8°), F(16°), F(40’), F(70°), and F(180"), 
made at scattering angles of 5.8°, 16”, 40°, 70°, and 178° are reduced to four ratios 
F(16°)/F(5.8°), F(40°)/F(5.8°), F(70°)/F(5.8°), and F(178°)/F(5.8”), for use in 
comparisons with model calculations to determine the particle size parameters and value of 
the index of refraction that give the best fit to values for these channel ratios as calculated for 
a model with these parameters. The selected "best fit" size distribution model is then used 
with the original five measurements to obtain the total scattering per unit distance, the 
particle number density and total mass of particles per unit volume. 

Sets of nomograms were used as helpful graphical devices for comparing model results 
and measurements. Conceptually, for a fixed value of m r , mi, and <7, we prepared a 
contour map of the scattering ratio F(0)/F(5.8°), laid out on a mesh with the scattering angle 
ratio as abscissa and the value of r m as ordinate, typically ranging over a value of 0. 1 to 50 
pm in 12 logarithmic steps. Actually, only values for the cross section ratios at the 
measured angles were calculated, and plotted in the form of a nomogram. A set of such 
nomograms covering a range of the values of mr, mi, and <7 were prepared. An example of 
such a nomogram is shown in Figure 8. 



The four cross section ratios corresponding to measured data obtained at a fixed time 
and atmospheric pressure can be located on the nomograms, and in the ideal case the best fit 
nomogram would show the four measurements on a horizontal line. The elevation of the 
line would indicate the r m and the assumed parameters of the nomogram would indicate m r , 
mi and cr. In an actual case a horizontal line is chosen which is the closest to the four points 
in the sense of a least square fit, and the nomogram is chosen which has the best fit. A 
computer program can locate the line giving the best fit, but, because the values of cross 
section ratios along the column for a single angle ratio are at least bivalued in the parametric 
ranges considered, exhibiting minima and maxima, human intervention may be required to 
delineate the range of the search. As noted above, an additional problem has been that the 
measured cross section ratios for F(40*)/F(5.8*) and F(70')/F(5.8") have seemed to fall 
below the expected minima in many cases. 

The nomogram method has been used in conjunction with a more methodical computer 
search in furthering our understanding of the measurements. 

More Complete Analyses. For a single particle size and unpolarized light, the Mie 
scattering phase function as a function of scattering angle P(0), the scattering efficiency q s , 

and the extinction efficiency q e depend on three parameters: Xj^- e and the real and 
imaginary parts of the refractive index m r and m- [e.g. see Bohren and Huffman, 1983]. If 

the wavelength of the incident light is known, as it is in this case, the scattering properties 

of an ensemble of spherical particles having a log-normal size distribution are given by the 
complex refractive index m — i m-, the mean particle radius r fn , the width of the size 

distribution a , and the particle number density Nq. The scattering coefficent P scat is a 
function of Nq„ and the cross-section weighted value of q s : 
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where n(r,r m ,d) is the log-normal size distribution function defined by Equations 3, 4 and 
5. 


The differential scattering cross section (the quantity measured by the nephelometer) is 
given by 
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Fits to the observations were found by minimizing x > the sum of the squared 
differences of Nodl/dQ in all five of the nephelometer channels, with each term in the sum 
weighted according to the estimated observational error in the corresponding channel. 
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where E Q ^ S is the estimated error in each channel. 

The dependence of P(0) on the Mie scattering parameters m r , and m ; - is non- 

linear, including both quasi-sinusoidal periodicities and sharp resonance spikes. The use of 
a size distribution with non-zero width smooths out the largest excursions. However, using 
a standard least squares fitting algorithm involving some form of Newton’s method to 



obtain a Mie scattering fit to observed values of NgdUdO, often produces results that are 

difficult to apply without considerable confusion and critical evaluation. Also, the time 
required to calculate a Mie scattering phase function increases linearly with Z^- e , and 

becomes non-trivial for X > 20 . 

For these reasons, the Mie scattering fits to the nephelometer data were carried out by 

first constructing three-dimensional grids containing the Mie scattering values of the phase 
function in each channel at regular intervals in three of the free parameters in the set r fn , <r, 

m r , and m ■. For each point in the grids, P(6) was calculated and convolved with the 
angular response function of the nephelometer to produce (NodZ/dQ)! P scat for each of the 
five instrument channels. Since NodZ/dQ has a simple linear dependence on P sca[ , the 
optimum value of P scat could be quickly calculated for any location in the grid and any 
observed NodZ/dQ, so there was no need to include P scat in the grid itself. 

Two such grids were constructed, one in which n ■ was held constant at zero, and one in 

which cr was held constant at 1.5. Although grids could have been constructed using all 
four parameters at once, practical considerations of file size and search time, including error 
estimation, mitigated against their preparation. 

There is little a priori evidence that the Jovian cloud particles involved in these 
measurements are absorbing, since the major condensible constituents of Jupiter’s 
atmosphere all have, or are expected to have, very low absorption coefficients at 0.9 fim. 
(See, for example, the optical constants for NH 3 ice given by Martonchik, Orton and 
Appleby [1984], for H 2 O ice by Downing and Williams [1975]. For NH 4 SH ice, although 
the optical constants are not well constrained, the discussions of Bragin , Diem and Guthals 
[1977], Ferraro, Sill and Fink [1980], and the citations in Carlson, Lacis and Rossow 
[1992] are useful.) This was the rationale for the first grid. Values of NodZ/dQ were 
calculated for 0 = (1.2, 1.4, 1.6, 1.8), m r = (1.20, 1.22, 1.24, ... 1.70), and 80 values of 
r distributed at equal intervals of logr m between - 3.0 and Xj^- e = 1000, which 
means that each successive value of r is about 1 .075 times the previous value. Fits to the 



Nephelometer observations were done by first performing a brute-force search of the entire 
grid, calculating at each point the value of P scat which would minimize % • The 50 grid 

points with the lowest % were recorded, and for each of these the best fit in the immediate 
vicinity was sought by interpolation on the grid. For the most prominent cloud seen, at a 
pressure near 1.3 bar, the best fits found for this grid were for particles of 2-5 jim radius 
and low n r , but, as mentioned above, even the best fits failed to reproduce the exceedingly 

low signals observed in the 40° and 70° scattering channels. 

As expected [Ragent et al., 1992), the results obtained for non-absorbing particles 
showed that a is quite ill-defined by the nephelometer data. Also, in many cases the 
optimum value of m r was found to be 1.2, the lower bound of the first grid. So another 

grid was constructed in which o was held constant at a value of 1.5, and was varied 
instead. NodZ/dQ was calculated for values of mi = (0., 10 -4 , 2x10 4 , 4x10 , 

8xl0 -4 , ..., 0.1024). The range of m r values was also changed to m r = (1.1, 1.15, 1.2, 

... 1 .8). Search and interpolation in this grid revealed two discrete solution regions for the 
cloud at 1.3 bars: 1) m r in the range 1.7-1. 8 (consistent with the little that is known about 

the optical properties of ammonium hydrosulfide, the most likely condensate at this pressure 

level), r near 1 jim, and m ; near 0.05 (which requires some component with a substantial 
m i 

amount of absorption), and 2) non-absorbing, 7-8 jim particles with m r < 1.2 (which would 

require some very unusual composition if the cloud particles are homogenous, but might be 
mimicked by non-spherical “fluffy” particles containing many internal voids). Both these 
solution regions succeed in reducing the predicted signal in the 40* and 70' channels, while 
maintaining the observed relationships among the signals in the other three channels. 

If the signals in the 40' and 70“channels are assigned zero weight, as might be 
appropriate if unknown portions of the cloud particles were being systematically swept clear 
of the sampling volumes in these two channels, then the remaining observations are not 
enough to unambiguously determine the Mie scattering parameters. Finite volumes in the 3- 
dimensional grids can fit the data in the remaining three channels perfectly. For a point at 



1.24 bars (measurement number 56) in the "NH 4 SH" cloud, there are two such volumes in 
the non-absorbing particle grid (recalculated with a lower bound for m r at 1 . 1 ): one centered 

on a line running from (r m , m r , a, P scat ) = (0.8jUm, 1.45, 1.8, 3 . 2 x 10 4 m ^), Case B1 

in Tables la, Ha and Ilia, to (1.1/tm, 1.44, 1.3, 3.5xl0 -4 m -1 ). Case B2, and the other 
centered on a line running from (r m , m r , a, P scat ) = (2.3/im, 1.32, 1.8,3.8x10 4 m ^), 

Case B3, to (5.1/im, 1.15, 1.2, 3.8xl0 -4 m _1 ). Case B4. Clouds detected at other 
points on the probe descent tend to give similar results. Solution sets for three cloud levels 
for are shown in Table la. Cases Al, A2, A3, and A4 at 0.46 bars and Cases Cl, C2, C3, 
and C4 at 3.51 bars are defined as the limits for the lines in the grid on which volumes of 
points fitting the data are centered, analogous to Cases Bl, B2, B3, and B4 at 1.24 
bars.the limiting cases described above. The pressures of 0.46, 1.24, and 3.51 bars, 
correspond to altitudes of 17.0, -5.6, and -39.0 kilometers above the one bar level, or 
measurement numbers 7, 56, and 115. In Table Ila are listed the derived particle number 
densities and their total mass per unit volume at these pressures (assuming the cloud 
particles have the same bulk density as liquid water). Table Ilia lists optical depths, 
columnar particle number loading, and columnar particle mass loading in the three major 
cloud structures discussed above, for the particle characteristics at the pressure levels in 
each structure, as given in Tables la and Ila. These Table Ilia quantities were derived by 
using the ratio of the average 5 . 8 ” channel cross section measured in each structure to that of 
the 5 . 8 ” cross section measured at the particular pressure level in that structure listed in 
Table la, to determine the average value for each of the results listed in Tables la and Ila, 
and then multiplying by the altitude extent of the structure. This procedure assumes that the 
particle properties are uniform throughout the cloud structure considered, as is fairly well 
justified by the constant ratio among the readings in the various channels over the extent of 
each region considered, as shown, for example in Figure 6 b. Also included in Tables lb, 
lib and Illb are the special solutions discussed above, labeled Ba and Bt>, solutions that 



utilized the data from all five channels and the grid with a fixed at 1.50, and including 
absorption through the use of the imaginary part of the index of refraction, mi. 

Very similar ranges of solutions are found if the 70’ channel is given zero weight and 
the observed signal in the 40" channel is increased by a factor of 2 for the cases at pressure 
levels of 1.24 and 3.51 bars (measurement numbers 56 and 1 15), and to a factor of 5 for 
cases at a pressure level 0.46 bars (measurement number 7) in attempting to simulate the 
corrections to the data in this channel that may be obtained from the aerodynamic 
calculations now in progress. 

Because of the uncertainties introduced by the factors mentioned above it was only 
possible to give rough values or ranges for estimates of particle sizes in Tables I, II and III. 
We wish to emphasize that the values quoted may contain large uncertainties whose 
magnitudes are difficult to estimate, and that they should only be used as an indication of the 
probable particle and cloud characteristics. As a guide to appreciating the difficulties 
involved in characterizing these sparse particles, we note, by analogy with terrestrial 
examples, that typical "visibilities" in some of these "thin fog-like" structures at X, = 0.904 
pm may be as large as 10 to 100 kilometers (visibility = 3.9 /P S cat > see Hinds, 1982). 

In summary, the results from Table III indicate that the total amount of particulate 
matter directly encountered by the Probe from deployment at about 0.46 bars down to 
below 10 bars was small. Although it has proved to be difficult to firmly definitize the 
particle characteristics, the results do tend to bound these characteristics to the ranges shown 
in Tables I, II and III. Mean particle radii appear to be limited to somewhat less than one to 
about 5 pm, although particles of radius equal to a few pm often give the best matches. 
Real indices of refraction are found to lie in the range of about 1.3 to 1.6, assuming that the 
particles are not highly absorbing, or highly non-spherical, or "fluffy" particles with large 
voids. NH 3 and H 2 O particles are covered by this range, whereas NH 4 SH particles are 
not. If we allow some absorption at our wavelength, 0.904 pm, then the derived values for 
m r in the 1.3 bar structure also include values between 1.7 and 1.8, appropriate for 



NH 4 SH. In general, no large particles greater than about 5 |im in radius matched our data, 
except for the possibility of somewhat larger particles of very low indices of refraction, for 
example particles containing large void portions. Optical depths in the cloud structures 
labeled A and C are of the order of 0. 1, and between 1 and 2 in the cloud structure B. The 
peak condensed mass of particles per unit volume was in the range of 1 to 30x1 0"^ kg-m'3 
in A, about 1 to 4x10'^ kg-m'3 in C, and about 2 to 12x10'^ kg-m'3 in cloud B. 

In cloud structure C, the suspected "reduced water" cloud, the optical thickness of about 
0.1 and the peak density of condensed particles of about 1 to 4 x 10 '^ kg-m'3 are comparable 
with the values calculated by Engel et al. [personal communication] for the case of assumed 
water abundance of 0.2 solar and a subsidence velocity of about 1.5 m-sec"l. It should be 
noted, however, that the values quoted by Engel et al. [personal communication] change 
very rapidly with subsidence velocity so that almost any reasonable set of experimental 
values within, say an order of magnitude of those determined in this experiment, can be 
matched with a small change in subsidence velocity. 


5.0 Discussion and Conclusions 

Valid nephelometer data were obtained during descent of the Probe in the Jovian 
atmosphere from deployment at pressures of about 0.46 bars down to pressures somewhat 
greater than 12 bars, where the instrument ceased to yield reliable measurements. Evidence 
for at least some extremely small amount of particulate matter in the atmosphere in the 
vicinity of the Probe was present during much of this portion of the descent trajectory. It 
should be emphasized that the nephelometer measured scattering from volumes in the near 
vicinity of the Probe so that local inhomogeneities in the concentration of particles, for 
example, as "holes" or denser regions in the general particle density configuration, could 
yield data unrepresentative of the average conditions in a larger sample of the atmosphere. 
In addition, the magnitudes of even the largest signals obtained during descent were small, 



implying that the densest particle concentrations encountered were small, that is, that the 
atmosphere along the descent trajectory was relatively free of particles and accordingly, that 
the concentration of condensible species was low. However, some of these low number 
density particle-bearing regions that exhibited identifiable vertical structures had appreciable 
vertical extents, for example from five to 10 kilometers, so that quantities such as opacities 
might still be modestly appreciable. 

The small signals, and the inferred small quantities of particulate matter present in this 
5pm "hot spot" portion of the Jovian atmosphere are in accord with the results from several 
of the other Probe experiments [Niemann et al., this issue; Sromovsky et al., this issue; 
Seiff et al., this issue], as well as from the conclusions that may be drawn from 
measurements of other 5 -pm hot spots by the Galileo Orbiter NIMS, [R. Carlson et al., 
1996; Roos-Serote et al., this issue], and from Earth-based [Orton et al., 1996; Orton et al., 
this issue] and Hubble telescope observations [ Chanover , 1997; Chanover et al., 
submitted]. In addition, the general description of the particulates that we inferred from our 
measurements is in good semi-quantitative agreement with the summary description 
presented by West, Strobel and Tomasko [1986] for the clouds in a 5 -pm hotspot . 

After passing through the tenuous lower portion of a particle structure assumed to be an 
ammonia cloud, and encountering a very modest cloud structure based at 1.34 bars, and a 
very feeble structural feature in the 2 to 4.5 bar region, the Galileo Mission Probe 
descended in the Jovian atmosphere to depths corresponding to pressures greater than 10 
bars without encountering any further appreciable particulate matter. Notwithstanding the 
very small concentrations of particulate matter observed, the locations of the apparent 
coherent structures composed of these sparse particles generally appear to validate the 
presence of condensates in regions roughly in accord with those expected from 
thermochemical equilibrium considerations using species compositions similar to those 
predicted to be present from comparisons with the solar composition. The concentrations of 
these species, in accord with the nephelometer and other Galileo Probe experimental 


measurements and inferences from Galileo Orbiter experiments and earth-based 
measurements dealing with 5|i hot spots, are very small. The tentatively assigned species, 
and structures associated with the small concentrations of particles composed of these 
species, include ammonia and an ammonia cloud, and an ammonia plus hydrogen sulfide 
species, e.g. ammonium hydrosulfide, cloud. Surprisingly, it has proved to be difficult to 
positively identify the presence of water and an associated water cloud. This species may 
be, and, probably, is present, but the concentration of particles composed of water is 
apparently so small that its presence in condensed form was not unambiguously identified. 
A small extended minor concentration of particles occurred at depths centered at about 3.5 
bars in a region that would be suggestive of condensed water except that the low apparent 
amount of condensation, as indicated by the size of the signals measured, and low vapor 
pressures measured by other experiments at these altitudes make such a conclusion 
uncertain at this time. The composition of the condensed species in this region is, thus at 
present, not positively established, although H 2 O is favored. Theoretical suggestions, 
involving, for example, moderate subsidence, lateral atmospheric mixing motion or other 
explanations, are now appearing, attempting to explain the apparent reduced species 
concentration we observed. However, objections to suggested mechanisms for producing 
downdrafts in hotspots have been raised (see, e.g., Seiffet al., this issue), and none of the 
current dynamic models for hotspots is yet mature enough to explain the observational data 
obtained. In any event, no massive cloud structure composed of particles of water or any 
other species was observed in the region sampled during Probe descent. 

Mean particle radius sizes appear to be in the slightly sub-micron to few micron 
range in the clouds encountered during descent, and, in accord with the measured low 
particle concentrations and small local volume scattering cross sections, the clouds are 
characterized by low to modest optical depths and very low mass loadings. 
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FIGURE CAPTIONS 


1. Temperatures recorded by the forward scatter source and backward scatter channel 
source temperature sensors, and the electronics unit internal temperature, all as a 
function of atmospheric pressure during the Probe descent. The ambient atmospheric 
temperature is also plotted. Note that starting at about 6 bars, the source temperatures, 
displaced by about 20” C, follow the ambient atmospheric temperature. 

2. Forward scatter source, backward scatter source and contamination (alignment) source 
monitor readings versus atmospheric pressure during Probe descent. 

3. Contamination and alignment channel readings versus pressure during Probe descent. 

4. Plots of recorded raw scatter channel readings as a function of ambient atmospheric 
pressure during the Probe descent. 

5. Expanded plots of recorded raw scatter channel readings as a function of ambient 
atmospheric pressure during the Probe descent, (a) Pressure range of 0.42 to 0.58 
bars, (b) Pressure range from 0.7 to 1.8 bars, (c) Pressure range from 1.0 to 1.9 bars, 
(d) Pressure range from 1 .9 to 4.5 bars. 

6. Plots of channel cross sections, F( 6) = No(dI/dQ)Q m'^sr'^, versus ambient 
atmospheric pressure, where No is the density of particles and dZ is the differential 
scattering cross section for scattering from the incident beam into solid angle element dQ 
at scattering angle 6. Error bars (see text) for every other data point are included in 
Figures 6b and 6c. (a) Pressure range of 0.42 to 0.58 bars. All cross sections 



normalized to zero at p = 0.510 bars. Multiplication factors of 1.00, 3.93, 63.17, 
58.72, and 27.08 used for 5.8”, 16”, 40", 70" and 178” channel cross sections, 
respectively, (b) Pressure range from 0.7 to 1.8 bars. All cross sections normalized to 
zero at p = 1.345 bars. Multiplication factors of 1.00, 6.11, 95.0, and 82.5 used for 
5.8", 16”, 40”, and 178” channel cross sections, respectively, (c and d) Pressure range 
from 1.9 to 4.5 bars. All cross sections normalized to zero at p = 3.603 bars. 
Multiplication factors of 1.00, 7.67, and 30.4 used for 5.8", 16”, and 178’ channel 
cross sections, respectively. 

7. Scattering phase functions versus scatter angle for a sphere, brick, tetrahedron, cylinder 
and hexagonal prism. Index of refraction, n = 1.75, wavelength, A. = 0.904 pm, and 
effective size parameter, x = IwclX - 2.7, where r is the spherical equivalent volume 
radius. Brick edges are in the ratio 3:2: 1 , the tetrahedron has four equilateral triangle 
faces, the cylinder height: radius is ~3: 1 , and the hexagonal prism has edges with the 
ratio of ~3: 1 (the 3 edge is parallel to the six-fold symmetiy axis and the 1 edge is 
perpendicular to it and equal to one half of the distance between vertices of the hexagon). 

8. Example of a nomogram showing the values of the ratio F(6)/F{ 5.8) at the other four 
scattering channel angles of 6= 16", 40", 70" and 178* for values of r m varying from 
0.1 pm to 100 pm. For this nomogram calculations of F( 6)/F( 5.8) were performed for 
spherical particles, a log-normal particle size distribution, and values of m = mr - mi = 
1.45 and a = 1 .50. A collection of spherical particles distributed in size in a log-normal 
distribution with values of m and a used for this nomogram will produce scattering data 
that will lie on a horizontal line corresponding to a value for r m . An incident light 
wavelength of 0.904 pm was used for these calculations. 
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Table la. Solution Sets for Nephelometer Data at a Given Pressure Using Data from 5.8°, 16°, and 

178° Channels, X = 0.904 (im and mj = 0. (See text.) 


Case 

Press, bars 

r m, jjm 

m r 

o 

Pscat> — Pext , m~l 

A1 to A2 

0.46 

0.5 to 0.9 

1.53 to 1.49 

1.8 to 1.3 

(2.9to2.9)xl0- 5 

A3 to A4 

0.46 

4.3 to 5.1 

1.38 to 1.38 

1.8 to 1.4 

(4.5 to4.5)xl0- 5 

B1 to B2 

1.24 

0.8 to 1.1 

1.45 to 1.44 

1.8 to 1.3 

(3.2 to 3.5)xl0 -4 

B3 to B4 

1.24 

2.3 to 5.1 

1.32 to 1.15 

1.8 to 1.2 

(3.8 to 3.8)xl0" 4 

Cl to C2 

3.51 

1.0 to 1.4 

1.54 to 1.49 

1.8 to 1.2 

(9.9 to 9.0)xl0- 6 

C3 to C4 

3.51 

2.0 to 3.7 

1.49 to 1.56 

1.8 to 1.2 

(1.2 to 1.4)xl0- 5 


Table lb. Solution Sets for Nephelometer Data at a Given Pressure Using Data from All Five 

Channels and X = 0.904 Jim. (See text.) 


Case 

Press, bars 

r m, /tm 

m r 

mi 

a 

B a 

1.22 

7.9 

1.12 

0.00 

1.50 

Bb 

1.22 

0.81 

1.76 

0.051 

1.50 


Pext* m ~ 1 


3.6xl0- 4 
2.4x1 O' 4 
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Table Ila. Number and Mass Densities from Results in Table la 
(Assumed Particle Bulk Density = 10 8 kg-m' 8 ). 


Case 

Press, bars r m> ^ 

<7 

<r 3 >, (pm 3 ) 

N, nr 3 

p, kg-m' 3 

A1 to A2 

0.46 

0.5 to 0.9 

1.8 to 1.3 

0.49 to 1.00 

(7.5 to 3.8 )x10 + 6 

(1.5 to 1.6)xl0- 8 

A3 to A4 

0.46 

4.3 to 5.1 

1.8 to 1.4 

360 to 220. 

(1.9to2.0)xl0 +5 

(2.9 to 1.8)xl0- 7 

B1 to B2 

1.24 

0.8 to 1.1 

1.8 to 1.3 

2.2 to 1.8 

(3.4to3.3)xl0 +7 

(3.1 to 2.5)xl0' 7 

B3 to B4 

1.24 

2.3 to 5.1 

1.8 to 1.2 

57 to 150 

(5.2 to 1.9)xl0 +6 

(1.2 to 1.2)xl0" 6 

Cl to C2 

3.51 

1.0 to 1.4 

1.8 to 1.2 

4.3 to 3.0 

(7.0to5.4)xl0 +5 

(1.2 to .68)xl0- 8 

C3 to C4 

3.51 

2.0 to 3.7 

1.8 to 1.2 

38 to 57 

(2.2 to 1.4)xl0 +5 

(3.5 to 3.3 )x10-8 


Table lib. Number and Mass Densities from Results in Table lb 
(Assumed Particle Bulk Density = 10 8 kg-m' 8 ). 


Case 

Press, bars 

r m, pm 

a 

<r 3 >, (pm 3 ) 

N, in' 3 

p, kg-m' 3 

B a 

1.22 

7.9 

1.50 

1030.3 

6.3 xl0 +5 

2.7 xlO' 6 

Bb 

1.22 

0.81 

1.50 

1.12 

3.4 xl0 +7 

1.6 xlO" 7 
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Table Ilia. Optical Depths, Column Particle Number Loading and Column Particle Mass Loading 
in Jupiter Clouds Encountered by the Galileo Mission Probe 
(from Tables la and Ha). 


Case 


Pressure 
Range, bars 


Optical 
Depth @ 

X = 0.904 pm 


Particle No. 
Loading, m"2 


Particle Mass 
Loading, kg-m'2 


A1 to A2 

0.46-0.53 

0.06 to 0.06 

(1.48to.752)xl0 10 

(2.97 to 3.17 )x10~5 

A3 to A4 

0.46-0.53 

0.09 to 0.09 

(3.76 to 3.96)xl0 8 

(5.74 to 3.56)x IO - 4 

B1 to B2 

1.00-1.34 

1 .5 to 1 .6 

(1.58 to 1.53)xl0H 

(1.44 to 1.16)xl0- 3 

B3 to B4 

1.00-1.34 

1.8 to 1.8 

(2.41 to ,880)xl0 10 

(5.56 to 5.56)xlO- 3 

Cl to C2 

2.45-3.58 

0.09 to 0.08 

(6.43 to 4.96)xl0 9 

(1.10 to 0.63)xl0- 4 

C3 to C4 

2.45-3.58 

0.11 to 0.13 

(2.02 to 1.28)xl0 9 

(3.22 to 3.03)xl0-4 



Table mb. Optical Depths, Column Particle Number Loading and Column Particle Mass Loading 
in Jupiter Clouds Encountered by the Galileo Mission Probe 
(from Tables lb and lib). 


Case 

Pressure 

Optical 

Particle No. 

Particle Mass 

Range, bars 

Depth @ 

Loading, m"2 

Loading, kg- 

-m~2 



l = 0.904 ^ 



B a 

1.00-1.34 

1.7 

2.98 xlO 9 

1.28xl0- 2 

Bb 

1.00-1.34 

1.1 

1.61 xlO 11 

7.57 xlO* 4 


Cloud Region A. Particulate structure encountered in the pressure range of 0.459 bars to 0.525 
bars (altitude range from 17.26 to 14.6 km above the one bar level, measurement numbers 6 to 14). 
baseline normalized to zero at 0.525 bars. 

Cloud Region B. Particulate structure encountered in the pressure range of 1.003 bars to 1.342 
bars (altitude range from -0. 13 to -7.85 km above the one bar level, measurement numbers 46 to 
60), baseline normalized to zero at 1.342 bars. 

Cloud Region C. Particulate structure encountered in the pressure range of 2.448 bars to 3.583 
bars (altitude range from -26.23 to -39.83 km above the one bar level, measurement numbers 90 to 
1 17), baseline normalized to zero at 3.583 bars. 
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Figure 6b 
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